Aberdeen GW, Baschat AA, Harman CR, Weiner CP, Langenberg PW, Pepe GJ, Albrecht ED. Uterine and fetal blood flow indexes and fetal growth assessment after chronic estrogen suppression in the second half of baboon pregnancy. Am J Physiol Heart Circ Physiol 298: H881-H889, 2010. First published December 18, 2009 doi:10.1152/ajpheart.00611.2009.-Although estrogen regulates important aspects of maternal cardiovascular physiology, the role of estrogen on uteroplacental and fetal blood flow is incompletely understood. This study tested the hypothesis that chronically suppressing endogenous estrogen production during the second half of baboon pregnancy alters uterine and fetal blood flow dynamics assessed by ultrasonography. Pregnant baboons were untreated or treated daily with the aromatase inhibitor letrozole or letrozole plus estradiol on days 100-160 of gestation (term ϭ 184 days). Blood flow dynamics were determined by Doppler ultrasonography on day 60 and longitudinally between days 110 and 160 of gestation. Letrozole decreased maternal serum estradiol and estrone concentrations by 95% (P Ͻ 0.001). Fetal growth biometrical parameters increased (P Ͻ 0.001) between days 110 and 160 of gestation and were similar in untreated and letrozole-treated animals. Uterine, umbilical, and fetal middle cerebral artery pulsatility index and resistance index declined (P Ͻ 0.01) by 30 -50% and uterine artery volume flow increased sixfold (P Ͻ 0.001) between days 60 and 160, but values were similar in untreated, letrozole-treated, and letrozole plus estradiol-treated baboons. Thus uterine and fetal artery blood flow indexes, uterine artery volume flow, and fetal growth were maintained at normal levels despite chronic estrogen suppression in the second half of baboon pregnancy. This suggests that elevated levels of endogenous estrogen are not required to maintain low impedance blood flow within the uteroplacental vascular bed during the second half of nonhuman primate pregnancy. uterus; fetus ESTROGEN HAS A WELL ESTABLISHED role in regulating several fundamentally important aspects of maternal cardiovascular physiology and uteroplacental blood flow dynamics (22, 32, 39, 51, 54) . For example, the administration of estrogen to ovariectomized nonpregnant or pregnant sheep elevated uterine artery blood flow by regulating vasodilatatory mechanisms mediated by nitric oxide or other endothelium-derived mediators (10, 20, 26, 33, 35, 52, 53, 56) . The increase in uteroplacental blood flow that occurs with advancing pregnancy (55), therefore, may reflect the progressive rise in estrogen levels that are exhibited during human and nonhuman primate gestation (6). Indeed, acute administration of the estrogen receptor antagonist ICI 182,780 to estradiol-treated nonpregnant or pregnant sheep increased vascular resistance and decreased blood flow within the uterine artery (33), data supporting a potential role for endogenous estrogen in the regulation of uterine artery blood flow.
that are exhibited during human and nonhuman primate gestation (6) . Indeed, acute administration of the estrogen receptor antagonist ICI 182,780 to estradiol-treated nonpregnant or pregnant sheep increased vascular resistance and decreased blood flow within the uterine artery (33) , data supporting a potential role for endogenous estrogen in the regulation of uterine artery blood flow.
However, studies of uteroplacental blood flow dynamics after chronic inhibition of estrogen action or formation have not been conducted, particularly in the primate. Our laboratories have used the baboon as a nonhuman primate model to investigate the role of endogenous estrogen on several aspects of the endocrinology and physiology of pregnancy and fetal development (5, 39) . Therefore, in the present study we utilized the baboon and a highly specific aromatase inhibitor to test the hypothesis that chronic suppression of endogenous estrogen production during the second half of pregnancy alters uteroplacental and fetal blood flow dynamics.
MATERIALS AND METHODS
Animals. Adult female baboons (Papio anubis) weighing 14 -18 kg were purchased from the Southwest National Primate Research Center (San Antonio, TX) and housed individually in large aluminum primate cages in air-conditioned rooms with a 12-h:12-h light/dark lighting schedule. Baboons received standard monkey chow (Teklad-Harlan, St. Louis, MO), fresh fruit, and vitamins daily and water ad libitum. Females were paired with male baboons for 5 days at the anticipated time of ovulation, which was determined from menstrual cycle history and daily pattern of perineal turgescence (1) , and pregnancy was confirmed by palpation and ultrasonography. Day 1 of pregnancy was designated as the day preceding deturgescence and represented the day after ovulation. Animals were cared for and used strictly in accordance with U.S. Department of Agriculture regulations and the Guide for the Care and Use of Laboratory Animals prepared by the National Institutes of Health (NIH Publication No. 85-23, Revised 1996) . The experimental protocol used in this study was approved by the Institutional Animal Care and Use Committee of the University of Maryland School of Medicine.
Twenty-four baboons were left untreated and delivered by cesarean section on days 164-173 of gestation (means Ϯ SE ϭ 167.3 Ϯ 0.7 days; term ϭ 184 days). Twenty-three baboon mothers received the highly specific nonsteroidal competitive aromatase enzyme inhibitor letrozole (4,4=-[1,2,4-triazol-1-yl-methylene]-bis-benzonitrite; Novartis Pharm, Basel, Switzerland; 115 g/kg body wt sc in 1.0 ml sesame oil) daily beginning on day 100 and continuing throughout the second half of pregnancy until the day before cesarean section on days 163-171 (means Ϯ SE ϭ 165.3 Ϯ 0.5 days). Thirteen baboons were treated simultaneously with letrozole and estradiol benzoate (each 115 g/kg body wt sc) between day 100 and cesarean section on days 164-172 of gestation (means Ϯ SE ϭ 167.2 Ϯ 1.2 days). Untreated and letrozole-treated animals were sedated with ketamine HCl (10 mg/kg body weight im) daily, and blood samples collected (2-4 ml) from a maternal peripheral saphenous vein for determination of estradiol and progesterone levels. Ultrasonography was performed between 10:00 and 11:00 AM on day 60, i.e. early in pregnancy, and at 10-day intervals on days 110-160 of the second half of gestation. Ultrasonography was conducted after sedation of baboons with ketamine, endotracheal intubation, light halothane anesthesia (i.e., animal quiescent but not deeply anesthetized), and blood pressure and oxygenation were verified. The interval between initial ketamine sedation and onset of Doppler imaging approximated 20 min. Maternal blood pressure and heart rate and fetal heart rate were determined via a Dinamap Pro 400 V2 (GE Medical Systems, Milwaukee, WI), and blood samples were obtained from a maternal saphenous vein and umbilical artery (i.e., fetal) to assess serum chemistry analytes (Antech Diagnostics, Lake Success, NY) and steroid hormones from halothane-anesthetized baboons at the time of cesarean section.
Steroid hormone radioimmunoassay. Serum samples were stored at Ϫ20°C until assayed for concentrations of estradiol and estrone, the primary estrogens produced during baboon pregnancy (6, 8) ; dehydroepiandrosterone sulfate (DHAS), the principal C19-steroid precursor of estrogen (6) ; and progesterone by chemiluminescent immunoassay (Immulite; Diagnostic Products, Los Angeles, CA), as described previously (3) .
Doppler ultrasonography. Fetal biometrical parameters and blood flow indexes were determined by standard grayscale ultrasonography and pulsed color Doppler velocimetry, respectively, using a 7-MHz sector-transducer and an Acuson Ultrasound (Model 128 XP/10; Acuson Corporation, Mountain View, CA) with high-pass filter at 100 Hz to separate vessel wall vibrations from flow velocity waveforms. Fetal growth was assessed by measurement of the biparietal diameter, head and abdominal circumferences, and lengths of the humerus and femur. The anatomic planes were identified according to standard landmarks established in human fetuses (23, 30) .
The right and left uterine arteries were identified with the transducer placed medial of the anterior iliac spines and directed slightly toward the pelvis and by visualization of the artificial crossing of the uterine and external iliac arteries with color Doppler (12, 15) . Doppler measurements of fetal blood flow were obtained on the umbilical artery at the placental and fetal attachment sites by previously described methods (11) , the middle cerebral artery identified as the branch running anterolateral from the Circle of Willis toward the lateral edge of the orbit, and the descending aorta proximal to the renal artery bifurcations, and by their associated waveform dynamics (16, 19) . The vessels were analyzed in the latter order each time.
Color Doppler imaging was used to optimize placement of the pulsed wave gate at maximal color brightness by adjusting the velocity scale to identify the area and direction of maximum blood flow. The insonation angle was maintained as close as possible to 0 degrees, usually less than 30 degrees, and the sample volume adjusted to cover the entire vessel and thus allow for optimal color resolution, sensitivity, and frame rate. Three separate measurements were obtained during periods of fetal rest and apnea from each frozen image captured from at least five consecutive uniform flow waveforms with a high signal-to-noise ratio. Pulsatility index (PI) (21, 25) and resistance index (RI) were measured, and uterine and umbilical artery end-diastolic flow and the presence or absence of uterine artery diastolic notching were noted.
Uterine artery (A) volume flow was quantified by ultrasound according to the formula: QA (in ml/min) ϭ V (time-averaged mean velocity in cm/s) ϫ r 2 (cross-sectional area of vessel; r ϭ radius) ϫ 60 s/min. Volume flow measurements assume cylindrical vessel, parabolic flow, and stable placental blood volume. The maternal body weight was used to correct for flow (in ml·min Ϫ1 ·kg Ϫ1 ) in the uterine artery. Doppler imaging of all parameters was routinely completed within 40 min.
Statistical analyses. Data on fetal, placental, and maternal weights and serum chemistry parameters were analyzed by ANOVA with post hoc comparisons of the means by the Newman-Keuls multiplecomparison test. Serial fetal biometrical parameters, arterial PI and RI values and volume flow, and serum estradiol and progesterone levels were assessed by mixed model repeated-measures regression analysis (31) , adjusted for within-animal correlation across days of gestation and treatment effects (SAS 9.1; Cary, NC). Gestational age was entered as a continuous variable to test for trend.
RESULTS
Serum steroid hormone levels. The daily serum estradiol values were averaged and illustrated at 5-day intervals in Fig. 1 . Maternal peripheral serum estradiol concentrations in untreated baboons increased from 1.50 Ϯ 0.34 ng/ml (means Ϯ SE) at midgestation (i.e., day 100) to 2.26 Ϯ 0.30 ng/ml on day 160 of gestation ( Fig. 1) . Administration of letrozole rapidly decreased estradiol to 0.10 Ϯ 0.02 ng/ml (means Ϯ SE) between days 100 and 160 of gestation, a level that was 95% lower (P Ͻ 0.001) than in the untreated animals on days 100-160 (2.19 Ϯ 0.36 ng/ml). Concomitant administration of letrozole and estradiol restored maternal serum estrogen to 2.18 Ϯ 0.60 ng/ml between days 100 and 160, a value similar to that of the untreated animals.
Maternal peripheral serum estradiol (2.19 Ϯ 0.26 ng/ml) and estrone (1.25 Ϯ 0.19 ng/ml) levels on the day of delivery in untreated baboons were decreased (P Ͻ 0.01) by 95% after the administration of letrozole (0.13 Ϯ 0.02 and 0.08 Ϯ 0.02 ng/ml, respectively) and restored by concomitant administration of letrozole plus estradiol (2.05 Ϯ 0.05 and 0.92 Ϯ 0.24 ng/ml, respectively; Fig. 2 ), the latter of which is in part metabolized to estrone. Umbilical vein (i.e., from placenta to fetus) serum DHAS levels on the day of delivery in untreated baboons (24.9 Ϯ 3.7 g/100 ml) were increased (P Ͻ 0.01) over 2.5-fold by letrozole administration (68.2 Ϯ 12.9 g/100 ml), consistent with inhibition of the aromatization of C19-steroid estrogen precursor, and decreased (P Ͻ 0.01) by letrozole plus estradiol treatment (37.4 Ϯ 9.7 g/100 ml; Fig. 2 ). Maternal serum progesterone levels remained relatively constant throughout the second half of pregnancy, as shown previously (3), and mean (Ϯ SE) levels were similar on days 100-160 in untreated (15.1 Ϯ 1.4 ng/ml), letrozole-treated (12.4 Ϯ 1.0 ng/ml), and letrozole plus estradiol-treated (13.7 Ϯ 1.9 ng/ml) baboons.
Placental weight and maternal and fetal body weights, blood pressure, and serum chemistry. All of the untreated, letrozoletreated, and letrozole plus estradiol-treated baboons of this study delivered live and apparently healthy newborns. The distribution of newborn sexes was 12 females and 12 males in untreated, 12 females and 11 males in letrozole-treated, and 5 females and 8 males in letrozole plus estradiol-treated baboons, and no differences in the parameters analyzed in this study were observed between the sexes. Placental weight was approximately 10% larger (P Ͻ 0.05) and, consequently, the fetal-to-placental weight ratio was slightly lower (P Ͻ 0.05) in letrozole-treated than in untreated animals ( Table 1 ). Fetal body weight was 10% smaller (P Ͻ 0.05) in letrozole plus estradiol-treated baboons than in untreated animals ( Table 1) .
Maternal mean arterial blood pressure and heart rate, as well as select maternal and fetal serum chemistry analytes reflecting liver, kidney, and metabolic function, were in most cases not significantly different on the day of delivery in baboons untreated, treated with letrozole, or treated with letrozole plus estradiol ( Table 2) . Maternal blood urea nitrogen (BUN) was slightly higher (P Ͻ 0.05) in letrozole-treated than in untreated or letrozole plus estradiol-treated baboons, but well within the established normal range for baboons. Fetal heart rate was ϳ10% greater (P Ͻ 0.05) in letrozole-treated than in untreated animals.
Fetal biometry. A linear increase (P Ͻ 0.0001) in fetal biometrical parameters, including biparietal diameter (Fig. 3A) , head circumference (Fig. 3B ), abdominal circumference (Fig.  3C ), humerus length (Fig. 3D) , and femur length (not shown) occurred between days 110 and 160 of baboon pregnancy. Each of these fetal growth parameters was similar in value in untreated, letrozole-treated, and letrozole plus estradiol-treated animals at each of the gestational time points.
Uterine artery blood flow indexes. Figure 4 illustrates representative uterine artery waveforms assessed by color Doppler ultrasonography on days 60 (Fig. 4A) and 150 (Fig. 4B ) of gestation in untreated baboons and on day 150 in animals treated between day 100 and the day before delivery with letrozole ( Fig. 4C ) or letrozole plus estradiol (Fig. 4D) . Uterine artery waveforms in untreated animals showed low end-diastolic flow on day 60 (Fig. 4A) , indicative of downstream flow impedance, compared with high end-diastolic flow (low impedance) on day 150 (Fig. 4B) . However, uterine artery waveforms appeared qualitatively similar on day 150 in baboons within each treatment group (Fig. 4, B-D) , exhibiting high end-diastolic flow and absence of diastolic notching.
Since the PI and RI values were not significantly different for the left and right uterine arteries, results were averaged and are presented in Fig. 4 . Uterine artery PI ( However, the gestational age-dependent decline in PI and RI in letrozole-treated or letrozole plus estradiol-treated animals did not differ significantly from that in untreated animals.
Uterine artery volume flow (average of right and left vessels) in untreated baboons was increased almost sixfold (P Ͻ 0.01) from 2.01 Ϯ 0.69 ml·min Ϫ1 ·kg Ϫ1 maternal body weight on day 60 to 11.34 Ϯ 2.76 on day 160 of gestation ( Fig. 5) . Moreover, uterine artery volume flow on day 160 in baboons in which serum estrogen levels were suppressed by the administration of letrozole (11.36 Ϯ 2.41 ml·min Ϫ1 ·kg Ϫ1 ) or restored by letrozole plus estradiol (12.64 Ϯ 1.72 ml·min Ϫ1 ·kg Ϫ1 ) were each also ϳsixfold greater (P Ͻ 0.01) than on day 60 and similar in value to that on day 160 in untreated animals (Fig. 5) .
Umbilical artery blood flow indexes. Figure 6 illustrates representative Doppler flow waveforms for the umbilical artery on days 60 (Fig. 6A) and 150 (Fig. 6B ) of gestation in untreated baboons and on day 150 in letrozole-treated (Fig. 6C) and letrozole plus estradiol-treated (Fig. 6D) baboons. Umbilical artery flow waveform in untreated animals showed low enddiastolic flow on day 60 when compared with that on day 150. However, umbilical artery waveforms appeared comparable and exhibited high end-diastolic flow in animals untreated (Fig.  6B) , or administered letrozole (Fig. 6C) , or letrozole and estradiol (Fig. 6D) . Umbilical blood flow PI and RI values for the fetal umbilicus and placental insertion sites were similar and thus averaged. Umbilical artery PI (Fig. 6E) and RI (Fig.  6F ) values on day 60 were similar in baboons that were subsequently untreated, treated with letrozole, or treated with letrozole plus estradiol. In untreated animals, umbilical PI decreased (not significantly) from 2.24 Ϯ 0.18 on day 60 to 1.85 Ϯ 0.10 on day 110 and then declined (P Ͻ 0.01) to 1.34 Ϯ 0.08 on day 160 (Fig. 6E) . Umbilical artery RI values in untreated baboons were 0.90 Ϯ 0.02 on day 60 and 0.86 Ϯ 0.01 on day 110 and then decreased (P Ͻ 0.001) to 0.74 Ϯ 0.02 on day 160 (Fig. 6F) . Umbilical artery PI and RI in letrozoletreated and letrozole plus estradiol-treated baboons also declined (P Ͻ 0.001) between days 110 and 160, but this gestational age-dependent decrease was similar to that in untreated animals.
Fetal blood flow indexes. Fetal vessel blood flow could not be reliably measured on day 60 because of the small conceptus size. However, representative Doppler waveforms for the fetal middle cerebral artery and descending aorta are shown for the second half of pregnancy in Fig. 7 , A-C, and Fig. 8 , A-C, respectively. Qualitatively, waveforms for these vessels appeared similar in untreated, letrozole-treated, and letrozole plus estradiol-treated baboons. The PI for the middle cerebral artery of untreated fetuses decreased (P Ͻ 0.05) from 2.25 Ϯ 0.15 on day 110 to 1.36 Ϯ 0.06 on day 160 of gestation ( Fig. 7D) . However, the middle cerebral artery RI (Fig. 7E ) and descending aorta PI (Fig. 8D) and RI (Fig. 8E ) remained relatively constant during the second half of gestation, and values were not significantly different between the treatment groups.
DISCUSSION
The present study demonstrates that uterine and umbilical artery PI and RI decreased and uterine artery volume flow increased as assessed by Doppler ultrasonography with advancing normal baboon gestation as in human pregnancy. The current study further shows that despite the marked suppression of estrogen production and levels by administration of an aromatase inhibitor chronically throughout the second half of baboon pregnancy, uterine, umbilical, and fetal artery blood flow waveforms and PI and RI values and uterine artery volume flow were similar to respective parameters in untreated baboons exhibiting the normal elevation in estrogen. Uterine and umbilical artery PI and RI are directly proportional to downstream blood flow impedance on the maternal side of the uteroplacental circulation and the fetal side of the placental inner villous compartment, respectively (27, 28) . Therefore, it appears that the elevated levels of endogenous estrogen present in the second half of primate pregnancy are not required to chronically maintain low resistance blood flow across the placenta at this time in gestation. The linear increase in biometric parameters reflecting fetal growth, normal neonatal body weight, and serum chemistry analytes at delivery, and delivery of healthy live newborn baboons near term, coinciding with the absence of change in uterine, umbilical and fetal PI and RI, and uterine artery volume flow, in letrozole-treated baboons of the present study are consistent with the mainte- Values are means Ϯ SE on the day of cesarean delivery for the baboons in which placental and body weights are presented in Table 1 . * and †, differ from each other at P Ͻ 0.05; ‡P ϭ 0.06 vs. untreated and letrozole plus estradiol groups. MABP, mean arterial blood pressure. BUN, blood urea nitrogen.
nance of normal uteroplacental blood flow despite the suppression of estrogen during the second half of primate pregnancy.
During the first half of human and nonhuman primate gestation, placental extravillous cytotrophoblasts invade, replace, and remodel the smooth muscle and endothelial walls of the uterine spiral arteries, transforming them from high resistance low capacity to low resistance high capacitance flow through vessels (13, 17, 24, 43, 44) . As a consequence of uterine artery remodeling, downstream flow impedance declines (28, 38) and responsivity of the uteroplacental vascular bed to vasomotor regulatory mechanisms diminish (36) and may account in part for the lack of change in blood flow dynamics in the uterine and umbilical arteries of estrogendeficient baboons in the second half of gestation. However, the impact of spiral artery remodeling on vasoregulation is not absolute, because administration of the vasoactive agent serotonin selectively increased uterine artery vascular resistance in the second half of sheep pregnancy (29) . The well-established progressive increase in uteroplacental blood flow that occurs with advancing stages of human pregnancy presumably results from the decline in flow impedance associated with remodeling of the uterine spiral arteries and increase in maternal cardiac output and maternal blood volume, 17% of which is delivered to the uterus via the uterine arteries (54) .
Previous studies have shown that uterine artery volume blood flow was increased over 1,000% within 90 -120 min after exogenous estrogen to nonpregnant sheep (34, 35, 53) and by 225% in early and 43% in late sheep pregnancy 100 min after estradiol administration (53) . Uterine artery blood flow was decreased 37% by acute administration for 60 min of estrogen receptor antagonist ICI 182,780 to pregnant sheep (33) . In contrast with systemic responses, however, the increase in uterine blood flow elicited by a continuous estradiol intravenous infusion to nonpregnant sheep was sustained for only a few days (10, 34) . The authors concluded that prolonged estrogen treatment of ewes does not sustain vasodilation of the uterine vascular bed and proposed that the increase in uteroplacental blood flow observed in pregnancy results from a combination of placental-derived growth factors, as well as the local placental production of estrogen and possibly other steroids. With the consideration that the latter findings and because Doppler assessment of blood flow in pregnant baboons of the current study was not initiated until 10 days after the onset of letrozole administration, it is possible that uterine artery blood flow was disrupted shortly after estrogen suppression, but that compensatory/adaptive vasodilatory or signaling mechanisms and perhaps other pregnancy-specific vasoregulatory factors emerged to maintain uteroplacental blood flow after sustained long-term estrogen deprivation. Alternatively, the process of uterine artery vasodilation is normally regulated by signals other than estrogen in the second half of primate pregnancy.
We and others have shown that estrogen administration increased expression of the angiostimulatory factor VEGF and vessel density in the uterus of nonpregnant rats (14) , sheep (47, 48) , and baboons (37) and in the villous placenta during early baboon pregnancy (7, 49) . In addition, suppression of estrogen production by letrozole administration in early baboon pregnancy decreased placental villous cytotrophoblast VEGF expression (7). In contrast, placental villous cytotrophoblast VEGF expression and vessel density were not altered by chronically suppressing estrogen by letrozole administration throughout the second half of baboon pregnancy (50) . Therefore, because estrogen stimulated placental villous angiogenesis in early pregnancy, but estrogen suppression had no effect on placental angiogenesis and uteroplacental flow impedance and volume flow in the second half of baboon pregnancy, we suggest that estrogen has important, but gestational age-specific, actions on uteroplacental blood flow and neovascularization.
Since halothane anesthesia may modify blood flow (9, 18) , it is also possible that any changes in uterine and umbilical flow elicited by estrogen deprivation were masked by halothane anesthesia in baboons of the present study. However, the latter seems unlikely since the significant decline in uterine and umbilical artery PI and other flow impedance indexes and increase in volume flow observed with advancing human pregnancy (28, 38, 45) were also noted with advancing gestation both in estrogen-replete and estrogen-deprived baboons lightly anesthetized with halothane. Thus it is apparent that differences in flow impedance and volume flow can be detected by the methodological approach employed in the present study.
In contrast with the maintenance of apparently normal uteroplacental and fetal blood flow dynamics in estrogen-deprived baboons of the present study, we have previously shown that several important developmental events including placental villous trophoblast 11␤-hydroxysteroid dehydrogenase-1/-2 localization and expression leading to activation of the fetal pituitary adrenocortical axis (39, 40, 42) , fetal adrenocortical maturation (2), and fetal ovarian development (57) were significantly suppressed by letrozole and restored by concomitant letrozole plus estradiol administration in the second half of baboon pregnancy. The efficacy of estrogen deprivation in preventing the latter fundamentally important aspects of development, and the absence of an effect on uteroplacental flow in baboons of the current study, illustrate the specificity of estrogen in regulating these physiologically significant processes. Although unlikely, it is possible that a difference in responsivity to estrogen exists, whereby the mechanisms underpinning uteroplacental blood flow regulation are more sensitive and thus maintained by the extremely low levels of estrogen remaining after letrozole treatment.
We have previously shown that 62% of baboons treated with letrozole in the first half of gestation and 25% of baboons administered letrozole in the second half of gestation exhibited miscarriage (3). The larger impact of estrogen suppression on pregnancy maintenance in the first half of gestation may reflect a gestational age-specific regulatory role for estrogen on uteroplacental blood flow, placental villous vascularization (7, 49) , and/or extravillous trophoblast migration and invasion of uterine spiral arteries (4) in early pregnancy. Because all of the baboons administered letrozole in the second half of gestation in the current study maintained pregnancy and delivered live newborns at term, additional studies are required to assess whether there is a change in uteroplacental blood flow dynamics in baboons treated chronically with letrozole in the first half of pregnancy and/or preceding miscarriage.
Fetal weight-to-placental weight ratio was slightly decreased and neonatal heart rate slightly increased, whereas the other parameters reflecting neonatal metabolic function were within normal range, in letrozole-treated animals. The small decline in fetal-to-placental weight ratio resulted primarily from a 10% increase in placental weight. Fetal-to-placental weight ratio has been suggested to be indicative of placental efficiency (46) . Indeed, our laboratory (41) has shown that estrogen suppression causes a change in expression and localization within the baboon placental syncytiotrophoblast of the sodium-hydrogen exchangers (NHE), which control solute and water flux. Therefore, the apparent increase in placental weight in estrogendeprived baboons may be due to an accumulation of fluid/water and perhaps cellular volume secondary to changes in placental expression of the NHE system.
In summary, the present study shows that uterine, umbilical, and fetal artery blood flow indexes and fetal growth parameters and uterine volume flow assessed by Doppler ultrasonography were maintained at normal levels in baboons despite the suppression of estrogen levels by administration of an aromatase inhibitor throughout the second half of baboon pregnancy. These results suggest that the elevated levels of endogenous estrogen are not required to maintain low impedance blood flow within the uteroplacental vascular bed during the second half of nonhuman primate pregnancy.
